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Abstract 


\ 


Recent!)',  a  new  niethofl  of  imiltiploxiiig  liologranis  b)'  rotating  the  material,  or 
equivalently,  the  recording  beAms  was  invented.  This  method  is  called  Peristrophic 
(Greek  for  rotation)  multiplexing  and  is  briefly  described.  Peristrophic  multiplexing 
can  be  combined  with  other  multiplexing  methods  to  increase  the  storage  density  of 
holographic  storage  s3'stems  such  as  the  jireAdousl)*  reported  3-D  disk.  Peristrophic 
multiplexing  was  experimentally  demonstrated  using  DuPont’s  HRF-150  photopoly¬ 
mer  film.  A  total  of  295  holograms  were  multiplexed  in  a  38/im  thick  photopolymer 
disk  by  combining  jieristrophic  multiplexing  with  angle  multiplexing.  In  addition, 
it  is  shown  that  combining  both  angh*  and  peri.strophic  multiplexing  the  storage 
density  of  3-D  disks  is  greatlv  enhatu  ed. 


1.0  Introduction 


The  number  of  holograms  that  ran  be  m»iltiplexed  at  a  certain  location  on  a 
holograpliic  disk  is  primarily  a  function  of  two  parameters  -  the  sj'stem’s  bandwidth 
(either  temporal  or  spatial  frequency)  and  the  material's  d3'namic  range.  Recently, 
thin  fihn  materials  have  been  developed  with  relative!}’  large  dj’namic  range.  An  ex¬ 
ample  of  such  a  material  is  DuPont’s  HRF-150  photopol5'mer  |l].  Previously  we  have 
reported  10  angle  multiplexed  holograms  in  a  38/tm  thich  fihn  (2]  with  diffraction 
efficiencj’  of  10“^.  Since  we  can  tj’picalh'  work  u*ith  holographic  diffraction  efficien¬ 
cies  on  the  order  of  10“'',  we  have  sufficient  dj'namic  range  to  record  significantly 
more  than  10  holograms.  The  angular  bandwidth  hmitation  carr  be  alle'\’iated  by 
making  the  film  thicker  [3]  but  scattering  increa-ses  rapidl}’  uith  thickness  in  these 
materials.  .Another  method  that  has  lami  prer-iouslj’  used  to  increase  the  utilization 
of  the  available  bandwidth  of  the  syst<*m  is  fract;d  sampling  grids  [4,5]. 

In  this  report  we  describe  the  application  of  peristrophic  (Greek  for  rotation) 
mtiltiplexing  to  holograjdjir  3-D  disks.  With  this  method  the  hologram  is  physically 
rotated  u*ith  the  axis  of  rotation  being  j>erpendic.ular  to  the  film’s  surface  every  time 
a  new  hologram  is  stored.  The  rotation  does  two  things.  It  shifts  the  reconstructed 
image  away  from  the  detector  allowing  a  new  hologram  to  be  stored  and  viewed 
without  interference,  and  it  can  also  ran.se  the  stored  hologram  to  become  non- 
Bragg  matched.  This  rotation  is  in  addition  to  and  separate  from  the  conventional 
disk  rotation.  In  adfbtiou,  peristrophic  multiplexiug  can  be  combined  w’ith  other 
multiplexing  techniques  such  as  angle  or  wavelength  multiplexing  to  increase  the 
storage  density  anfl  with  sjiatial  multiplexing  to  increase  the  storage  capacity  of  the 
disk. 


2.0  Theory  for  Peristrophic  Multiplexing 
The  setup  for  perisfro])hic  multiplexiug  Fourier  plane  holograms  is  shown  in 


Figure  1.  The  reference  plane  wave  (R)  is  incident,  at  an  angle  6^  and  the  signal 
beam  (S)  is  incident  at  an  angle  (i,,  both  angles  measured  unth  respect  to  the  film’s 
normal.  Taking  the  center  pixel  of  the  image  as  the  signal  and  neglecting  any  effects 
due  to  hologram  thickness,  the  hologram  transmittance  can  be  written  as 


=  < 


The  hologram  is  then  rotated  b}'  (W  about  the  center  of  the  x-y  plane  as  shown 
in  Figure  1.  Assuming  the  rotation  is  small,  this  results  in  the  cx>ordinates  being 
tr<insformed  according  to:  x'  »  x—y(W,  and  y'  w  y-\-xd6.  Substituting  these  relations 
into  Eq.  1.  the  hfdogram  l>e  expres.sed  in  terms  of  the  unrotated  coordinates  (x,y) 

R-S  =  - r^c - s  (2) 


After  multiplying  by  /?  and  Fourier  transforming,  the  last  term  in  Eq.  2  results  a 
shift  in  the  image.  The  rotation  re<iuir<‘<l  to  tr.inslate  the  image  out  of  the  detector 
aperture  is  ap]>roximately  given  by. 


(W  > 


sin  ff,  +  .sin 


(3) 


where  <1  is  the  size  of  the  image  at  the  detector  plane  and  F  is  the  focal  length  of 
the  lens  used.  For  imag('  jdane  holograms,  the  exi>ression  is  [6] 


<m  > 


sin  +  sin  0r ' 


(4) 


where  1/6  is  the  highest  spatial  fie(|uency  in  the  image.  For  image  plane  holograms, 
the  undesired  holc)grams  are  filtered  out  at  the  Fourier  plane  of  the  system.  Notice 
that  this  method  can  be  combined  with  c>ther  volumetric  multiplexing  methods  to 
further  increase  the  storage  density. 


The  Bragg  selectirity.  assuming  the  reference  is  given  by  i?  =  f:"*(  *'*■+*'  T  *) 

•  1  •  1  r*  f  2r  niH  [  7ir  cttkHr  > 

and  the  signal  given  by  S  =  c  '  *  can  be  calculated  using  the  Bom  and 
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Signal  beam  Rotation  Stage 


paxaxial  approximations  ami  iiitegratinR  over  the  volume  of  the  hologram.  Assuming 
that  the  tranverse  (.t.i/)  dimeusion.s  of  the  film  axe  much  larger  than  the  bandwidth 
of  the  images,  the  Bragg  selerti\nty  can  l>e  shown  to  be 


w’here  t  is  the  thickness  of  the  material.  Using  A  =  488nm,  t  =  38/rm,  and 
e,-er  =  30°  results  in  a  selectiA-itj*  of  about  12°.  The  Bragg  matching  requirement 
is  the  dominant  effect  if  ^  >  ^2A  cos  <^,(sin  +  sin  ^r)/*  sin  For  most  mate¬ 

rial  thicknesses,  the  Bragg  matcliiug  criterion  determines  the  required  rotation  for 
peristrophic  multijdexing.  In  our  exj>eriments.  because  the  thickness  of  the  film  is 
onlj'  38/mi,  the  image  could  be  filtered  out  before  the  gratings  become  non-Bragg 
matched. 

3.0  Experimental  Results 

The  experimental  setup  is  the  same  as  in  Fig.  1  except  a  rotation  stage  was 
added  to  rotate  the  film  around  a  vertical  axis  as  well  as  around  the  film's  normal. 
This  makes  it  possible  to  combine  i»eiistrophic  and  angle  multiplexing.  The  film 
was  located  a  significant  distance  from  the  Fourier  plane  so  that  the  siganl  beam 
was  api»roximately  uniform.  For  each  peiistiophic  position,  multiple  holograms  are 
stored  using  standard  angle  multiidexiug  bj*  rotating  the  medium.  A  spatial  light 
modulator  (SLM)  was  used  to  present  images  (cartoons)  to  the  sj'stem.  Each  frame 
is  numbered  according  to  the  sequence  in  which  thej’  were  stored.  The  reference  and 
signal  beams  were  initially  incident  at  ±30°  front  the  film's  normal.  The  reference 
beam  intensit}'  wa.s  1.1  m^^7^'nl'^  an<l  the  .signal  beam  had  300  /iW  in  about  a  1 
cm  by  0.5  cm  area.  The  fihn  was  rotat<‘d  in-plane  by  3°  between  each  set  of  angle 
multiplexed  holograms  to  enable  the  other  holograms  to  be  filtered  out.  £q.  3 
predicts  a  required  rotation  of  about  9°  for  Fourier  plane  hologram  while  Eq.  4 
predicts  about  1.7°  rotation  for  image  ]ilaue.  The  3°  was  experimentally  obseved 


Diff.  Eff. 


Hologram  Number 


Figure  2;  Diffrartioii  effirieiiry  vs  liologiaiii  iiniuher  for  295  holograms  stored  in  38  /zm 
thick  film. 


for  the  in-betw«.H>«  (Fresnel)  <  a.se  \v<‘  used.  Each  angle  mnlti{>lexed  hologram  was 
also  separated  by  3".  The  initial  exposure  time  was  0.11  seconds,  but  starting  at 
hologram  number  2G,  each  hologram  was  expo.sed  for  0.005  seconds  longer  than  the 
previous  hologram  to  correct  for  the  lost  sensitiA*it3-  due  to  run  time  [2].  There  was 
a  1.5  second  d«day  I>etween  holograms  to  allow  the  rotation  stages  to  completely 
stop.  295  holograms  were  .store<l  in  the  poh’mer  by  peristrophic  multiplexing  59 
times  and  storing  5  angle  multiplexed  holograms  with  each  peristrophic  position. 
The  diffraction  efficieucv  of  the  295  holograms  is  plotted  in  Fig.  2.  The  average 
efficienc}'  was  4  x  10“”  ami  the  vaiiations  are  primaiil.y  due  to  variation  in  the 
average  intensity  of  the  frames.  In  separate  experiment,  we  stored  equal  amplitude 
plane  wave  hologram.s  and  ob.serve«l  a  decre;i.se  in  diffraction  efficiency  proportional 
to  l/M^  [7]. 


C 


\ 

Previous!}'  we  stored  M  =1U  Itolograitis  with  rough!}'  10"^  diffraction  efficiency 
[2]  hmited  by  the  augn!ar  bandwidth  of  the  optical  system.  Peristrophic  multiplexing 
made  it  possible  to  store  M  =295  holograms  at  the  same  location  with  a  diffraction 
efficiency  of  ~  4  x  10"*'.  Thus,  peristrophic  multiplexing  allowed  for  almost  two 
orders  of  magnitude  increase  in  the  storage  capacity  of  the  DuPont  photopolymer 
and  changed  the  hmiting  factor  from  the  angular  bandwidth  of  the  optical  system 
to  the  d}Tiamic  range  of  the  material. 

4.0  Architecture 

Figure  3  shows  the  imidementation  of  a  3-D  holographic  disk  that  uses  spatial, 
angle  and  iieristifiphic  multiplexing.  Tin*  information  to  l)e  recorded  is  presented 
by  a  spatial  hght  modulator  (SLM)  which  modulates  the  signal  beam.  The  ref¬ 
erence  beam  then  interferes  with  the  signal  beam  and  the  information  is  recorded 
throughout  the  volume  of  storage  medium  where  the  two  beams  overlap.  The  surface 
density  can  be  increased  by  using  angle  multiplexing  (changing  the  angle  between 
the  reference  beam  and  the  signal  beam)  to  record  more  holograms  in  the  same 
volume.  To  ftirfher  increase  tin*  storag«'  «leusity,  the  reference  beam  is  also  rotated 
about  the  signal  b('am  to  imijlement  i)eiistrophic  multiidexing.  This  rotation  of  the 
reference  beam  either  shifts  the  reconstructed  images  from  the  pre^'iousl}'  recorded 
holograms  off  the  detector  or  the  stored  holograms  becomes  Bragg  mis-matched, 
allowing  for  more  holograms  to  be  recorded.  The  storage  capacity  of  the  system  is 
increased  by  rotating  the  storage  medium  to  record  at  non-overlapping  regions  on 
the  disk  (spatial  multiph^xing).  Figure  4  shows  the  theoretical  surface  density  and 
the  number  of  holograms  that  can  be  multiplexed  at  a  given  location  on  the  disk 
as  a  function  of  the  storage  medium's  thickness  using  the  imirlementation  shown  in 
Figtrre  3.  The  geometry  hmited  tleiisity  rvas  calcrrlated  using  the  parameters  shown 
in  Figure  4.  The  density  is  approximat«*ly  1(1  bits  i»er  micron  s<piared  for  a  medium 


Signal  Beam 


Figure  3:  3-D  holographic  disk  system  using  both  angle  and  peristrophic  multiplexing. 
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Surface  Density  of  3D  Holographic  Disk 


Figure  4:  Storage  density  and  required  nuinber  of  holograms  per  location  vs  film  thickness 
for  a  3-D  disk  that  utilizes  both  peristrophic  and  angle  multiplexing. 


Thickness  of  Material  (iitn) 


thickness  of  only  U.liuui.  Tliis  densify  is  achieved  by  storing  roughly  150  holograms 
with  a  page  size  of  lO’xlO^  bits.  The  density  does  not  grow  continuously  as  a 
function  of  increasing  thickness  even  though  the  number  of  multiplexed  hologram 
increases.  This  is  due  to  the  fact  that  light  defocuses  and  retpiires  more  area  as  the 
material  gets  thicker.  The  storage  medium  for  the  3-D  holographic  disk  can  be  any 
holograpliic  material  such  a.s  photorefractives  and  photoi)olymers.  Photorefractives 
are  re-programmable,  ojitically  erasable  and  can  be  made  to  large  thichness  with 
good  optical  quahtj’.  Recently.  10.000  holograms  were  recorded  at  one  location  in 
LiNbOS  [8]  and  could  lie  reconstructed  with  high  fidelity.  Photopoljuners  on  the 
other  hand  are  inexi)«  nsiv(-.  easy  to  us<-  and  ofler  non-volatile  storage.  We  have 
previously  rerord(‘<l  300  hologiauis  -  3  at  each  location,  100  spatial  locations  on  a 
ring  around  a  iihotopolvinei  disk.  Thus  we  have  demonstrated  all  the  aspects  of  the 
3-D  holographic  disk  sy  stem.  Currently  we  are  working  on  demonstrating  storage 
densities  close  to  the  theoretically  pr*‘dict(*d  limits. 
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